ABSTRACT
Introduction
Graphene, a new carbon-based nanomaterial (CNM), since first isolated by Novoselov et al. in 47 2004 (Novoselov et al., 2004) , has attracted increasing attention because of its extraordinary properties 48 and potential applications (Geim, 2009; Novoselov et al., 2012) , such as in composites (Ramanathan 49 et al., 2008; Stankovich et al., 2006) , ultrasensitive sensors (Schedin et al., 2007) , and transparent 50 conductive films (Eda et al., 2008; Wang et al., 2008) . Currently, graphene is being incorporated into 51 a broad range of commercial products at a rapid rate (Segal, 2009 ). The increasing production and use 52 of graphene will inevitably lead to its release into the environment. Unfortunately, the environmental graphene is likely to interact with ubiquitous inorganic ions and natural organic matter (NOM). 60 Changes in graphene size and shape resulting from agglomeration may subsequently alter its mobility 61 as well as its reactivity and toxicity (e.g., to algal cells and wheat roots) (Hu et al., 2014; Hu et al., 62 2015). Therefore, knowledge of the agglomeration behavior of graphene in aquatic environments is 63 essential for predicting its fate and potential for ecological exposure. Verwey-Overbeek (DLVO) theory, and the CNM-specific properties have strong effects on the 70 colloidal stability of CNMs. For example, the critical coagulation concentration (CCC) of cations was 71 found to increase with the increasing surface oxygen contents of CNT and GO (Chowdhury et al., 72 2015; Smith et al., 2009; Yi and Chen, 2011) . This suggests that pristine graphene with a hydrophobic 73 lattice may undergo layer-to-layer agglomeration in water at low ionic strength (IS). As mass 74 concentration affects particle number and the rate of collisions between colloids that have small 75 Hamaker constants and low surface potentials (Hsu and Liu, 1998) FePO4/dodecylamine hybrid nanosheets has been described in our previous study (Guo et al., 2013) .
107
Using X-ray photoelectron spectroscopy (XPS), the atomic ratio of C:O in the FLG was determined 108 to be 89:6 (the remaining 5 % is 1.4 % of H and 3.6 % of N) (Guo et al., 2013) analysis are provided in Table S1 and the SI. The sedimentation experiments were initiated by mixing suspension at the beginning of sedimentation experiment was also characterized by AFM as control. FLG aggregates were not visible on the membranes of the embryos, and contributions from the 178 attached FLG to the total mass of FLG associated with the chorion are thus expected to be insignificant.
179
Following the DI water rinse step, chorion and yolk in each embryo was carefully sepatated using the 180 method described by Orlova et al. (2014) . Once the chorion was pulled away, the yolk was able to 181 freely swim out from the chorion. The collected chorions (or yolks) (n=100) were pooled and 182 combusted using biological oxidation (OX-500, Zinser Analytic), and then the radioactivity was 183 analyzed using LSC (Mao et al., 2016) .
184
Another group of embryos was exposed to the S-FLG suspensions using the same procedure buffer, and fixed with 3 % glutaraldehyde for 24 h, which was followed by a post-fixation step with 188 1.0 % osmium tetroxide for 1 h. After dehydration in a series of (50, 70, 80, 95, and 100) % ethanol, concentrations were calculated assuming plate-plate geometry (Elimelech, 1995; Gregory, 1981) .
200
Detailed equations and parameters are presented in the SI. 214 whereas FLG agglomerated within a few minutes at concentrations above 3 mg/L (Fig. 1b) . This
215
showed that the stability of FLG was much weaker than that of GO, which was stable in DI water at αa is independent of IS at higher NaCl concentrations (Fig. 1d) . This indicates that the agglomeration (Fig. S5) . Thereafter, the settling profiles of the FLG (Fig. 2a) (i.e., 10 mmol/L compared to 50 mmol/L or 500 mmol/L NaCl) (Fig. 2b) . Similar effects of Na + on 290 the stability of FLG were also observed for FLG concentrations of 11 μg/L and 2 μg/L. Therefore, the 291 agglomeration of FLG varied with IS also in a manner consistent with the DLVO theory under these 292 low FLG concentrations. It is worth noting that particle concentration had a greater effect on the 293 sedimentaion than the IS. At a given NaCl concentration (i.e., 10 mmol/L), the ks of 2 μg/L of FLG 294 was a factor of 13.5 and 2.7 times smaller than that of FLG at higher concentrations of 107 μg/L and 295 11 μg/L, respectively (Table S5 ). This result is also consistent with our earlier observations that the 296 agglomeration of FLG was faster at higher FLG concentrations (i.e., 3 mg/L compared to 2.5 mg/L or 297 1 mg/L) (Fig. 1c) .
298
The sedimentation kinetics of FLG in eight ambient waters (pH = 7.7 ± 0.4; details for water 299 characteristics are provided in Table S6 ) showed that water type had a notable influence on the stability 300 of FLG ( Fig. 3a and b) . Destabilization of FLG occurred quickly in the East China Sea water and the more negative with addition of SRNOM compared to NaCl alone (Fig. S7a) , which effectively 316 retarded the agglomeration and sedimentation of FLG in 10 mmol/L NaCl ( Fig. S7b and 2c) ; the CCC (Table S6 ). on the basis of AFM results (Fig. S8) . In addition, analysis of the extracts using LSC and gas (Fig. 4c) . Because the mass of FLG 378 particles is proportional to the square of diameter, a 500 nm particle would have a factor of 100 more 379 mass than a 50 nm particle (assuming similar thickness). Unlike S-FLG, the mass of the large particles 
Conclusion

386
The agglomeration behavior of graphene will dictate its transport and fate in the environment. 387 Our results show that the concentration of FLG is a key factor in its agglomeration and stability in 388 aqueous media, but one that was often overlooked in previous studies. At a given IS, the agglomeration 
